In this paper, we report new results on confinement via monopoles for U(1) lattice gauge theory in four dimensions. Our main result is that the confining part of the heavy quark potential, in particular the string tension, is determined solely by large loops of magnetic current. It has been established for some time that large loops which extend over the entire lattice are present only in the confined phase of the theory [1, 2] . Their presence can now be quantitatively tied to the string tension. Our work is carried out on a 24
4 lattice, near the deconfining transition.
The role of monopoles in U(1) lattice gauge theory is seen most clearly using the Villain [3] or periodic gaussian form of the U(1) theory. Under a dual transformation, the usual link angle description goes over into one involving an integer-valued magnetic current m µ (x), defined on the links of the dual lattice [4] . The link angle path integral becomes a sum over all possible configurations of magnetic current. In this monopole representation, the system can be visualized as a plasma of magnetic monopoles moving on Euclidean world lines, interacting via photon exchange.
In either representation, a Wilson loop calculation is needed to determine the heavy quark potential. In the link angle representation, a Wilson loop is specified by the exponential of a line integral :
where the integer-valued electric current J µ is non-vanishing on the rectangular R × T loop contour, and < · > θ denotes the expected value taken over configurations of link angles θ µ (x).
In the monopole representation, the determination of a Wilson loop involves the exponential of an area integral over a surface with the loop contour as its boundary [4, 5] .
The electric current J µ is first expressed as the curl of a Dirac sheet variable [6] ; where 
where v satisfies −∂ · ∂ v(x − y) = δ x,y . The field strength is given by
In terms of D µν and the dual field strength F *
ǫ µναβ F αβ (x), the monopole representation of a Wilson loop is finally given by:
where < · > m denotes the sum over configurations of magnetic current. The factor 2π which appears in the exponent of Eq. (3) arises from the Dirac condition on the product of electric and magnetic charge, and guarantees that the value of a Wilson loop is independent of the surface chosen to define D µν . The prefactor in Eq. (3) describes one photon exchange between the quark and anti-quark:
where the electric coupling e 2 is related to the coupling β V in the Villain action by e 2 = 1/β V . The factor W ph (R, T ) contributes a purely perturbative Coulomb term to the heavy quark potential.
Fortunately, the numerical evaluation of Wilson loops via Eq. (3) does not require a direct simulation in terms of the magnetic current m µ (x). This is impractical owing to the long-range interactions generated by photon exchange between the monopole currents.
DeGrand and Toussaint [7] showed how to locate monopoles directly in configurations of link angles. In their procedure, the plaquette angle θ µν (x) = ∂ µ θ ν − ∂ ν θ µ is resolved into The monopole current can be used to calculate physical quantities, as well as merely to count monopoles. In our previous work in four dimensions [5] , we used the current quantitative results on confinement can be obtained using topological objects.
The derivation of Eq. (3) as an exact formula is only possible for Villain's form of the U(1) theory. On the other hand, Wilson's cosine form [9] of the U(1) action can be simulated much more efficiently. In our previous work [5, 8] , we have shown that
Villain action results can be extracted from a cosine action simulation, if a simple coupling constant mapping is used. More precisely, a simulation using the cosine action at coupling β W is equivalent to a Villain action simulation at coupling β V , with β V related to β W by [3, 10] 1/β V = −2 ln
where I 0 and I 1 are modified Bessel functions. Eq. (6) determines the value of 1/β V , and hence e 2 , which result from a cosine action simulation at a given value of β W . The factor W ph in Eq. (3) is then completely determined. The magnetic current is identified from the cosine action link angle configurations and the result used to calculate the second factor of Eq. (3). The Wilson loops calculated in this manner using the cosine action and Eq. (6) differ from pure Villain action results by a harmless perimeter term. The R-dependent terms in the potentials agree within statistical errors [8, 11] .
To summarize, our simulations use the cosine form of the U(1) action, identify m µ (x) using the DeGrand-Toussaint method, and evaluate Wilson loops in the monopole representation. The link angle configurations were generated using a heatbath algorithm [12] .
The calculation of A µ (x) from m µ (x) in Eq. (2) was done using a four dimensional vectorized FFT [13, 14] . For comparison, we also show in Fig.(1) , the potential determined from Eq. (3) for the deconfined β W value, β W = 1.0114, where 400 configurations of magnetic current were analyzed. At this value of β W , the string tension was statistically zero, while the Coulomb coupling was α = 0.22(4). The total number of links carrying magnetic current was 40, 000(300).
We now turn to the resolution of the magnetic current into loops. For every other configuration of magnetic current, or every 20 lattice sweeps, magnetic current loops were individually identified and catalogued. The loop-finding algorithm proceeded by choosing a non-zero current link m µ (x 0 ) and following the current it carried through the lattice until a loop was completed by a return to the site x 0 . This process was carried out repeatedly from different starting points and ended when the entire configuration of current had been resolved into loops, with each current-carrying link belonging to a specific loop. The algorithm was deterministic: when looking for an outgoing current link at a particular lattice site, the direction µ = 1 was chosen first, followed by µ = 2, 3, 4 . Intersections of loops did occur (i. e. more than one outgoing link associated with a site), so the set of loops identified was not unique. However, self-intersections of loops were relatively rare, occurring with approximately the same probability as self-intersections of a purely random walk in d = 4 [16] .
Each loop identified as described above forms a closed path of links and automatically satisfies current conservation. Two different topologies are possible, depending on whether tracing out a loop also involves winding or wrapping around the lattice. A lattice with periodic boundary conditions is a hypertoroid, so topologically nontrivial loops which wrap around the lattice are permitted. To distinguish the two possibilities, the net current was measured for each loop:
It is easy to show that only loops which wrap around the lattice have a non-vanishing Λ µ ,
and that the components of Λ µ must be integer multiples of the lattice size along an axis; Since wrapped loops occur only in the confined phase, it is natural to ask if they can explain the long range, confining part of the heavy quark potential. To investigate this, we computed the heavy quark potential again using Eq. The results on the string tension and Coulomb coupling are consistent with additivity of the potential over the various contributions. In Fig.(3) , we compare the potential determined from the full magnetic current and W ph (shown previously in Fig.(1) ), with the potential obtained by summing the contributions from W ph , wrapped loops, and simple loops, plus a constant. A glance at Fig.(3) shows that the agreement is quite good. Additivity of the potential over the various contributions would imply that the contributions from wrapped and simple loops factor in the average over configurations.
To check factorization, we performed a fit to the "potential" extracted from the ratio of
Wilson loops assuming factorization to Wilson loops calculated with the full magnetic current:
The string tension and Coulomb coupling resulting from this were both zero to within statistical errors. This shows that factorization and therefore additivity of the potential is consistent with our data. This is not surprising at large R, where the R-dependence comes predominantly from the wrapped loops. However, in the small R region, both wrapped and simple loops produce Coulomb terms, and additivity is not expected to hold as an exact statement. Nevertheless it appears to be a good approximation and holds within the accuracy of our data.
We have shown that confinement in U(1) comes about through a particular component of the magnetic current, the large wrapping loops. The small, simple loops contribute only to the Coulombic part of the potential. While the latter is intuitively reasonable, still lacking is a physical picture of how the large, wrapping loops of current disorder the vacuum and produce the string tension. The fact that these loops extend over the whole lattice suggest that there are low mass (perhaps massless) magnetically charged excitations present in the confined phase. We plan to report elsewhere on this question The potential calculated using only the wrapping monopole loops (triangles) and using only the simple monopole loops (squares). The photon contribution from W ph has not been included. 
